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ABSTRACT 
Screw piles or screw anchors are a promising solution to anchor floating offshore renewable 
energy devices, such as wind turbines or tidal turbines. The installation generates limited noise 
(driven piles are noisy) and can be undertaken in all soil conditions. Although they are mainly 
used for their large uplift capacities, screw anchors can also be designed to provide significant 
lateral resistance. The optimisation of screw anchor design does not rely only on the 
geotechnical assessment of the uplift capacity based on soil strength, but also on operational 
(installation requirements) and structural (helix bending, core section stress, limiting steel plate 
thickness) constraints. This paper develops a methodology for the design optimisation of 
screw anchors under lateral loading in dense sand, incorporating all of these constraints, 
based on simplified analytical or semi-analytical approaches. The results show that it is 
possible to optimise the anchor design, maximising the anchor lateral capacity, whilst 
minimising the anchor weight. The maximum embedment depth and then the anchor capacity 
is mainly limited by the maximum torque available during installation and the short-pile to long-
pile failure mechanism transition respectively. 
Keywords: Geotechnical Design, Screw anchor, Offshore renewable energy, Foundation 
design, Anchors 
INTRODUCTION 
Whilst bottom-fixed foundations represent the large majority of installed offshore wind 
turbines, there is a huge potential for floating platform development in the EU (Wind Europe, 
2018) as water depths increase. Similarly, floating tidal and wave energy converter 
technologies are also gaining momentum (Greaves et al., 2018). As the anchoring and 
mooring cost of these technologies can represent a significant amount of the total capital 
investment, there is a need for the development of cost-efficient and innovative anchoring 
techniques. 
Screw anchors are an onshore technology that has recently received more attention as 
possible alternative foundations for offshore structures generating large tensile loads (Byrne 
et al., 2015; Davidson et al., 2019). Screw anchors consists of one or several steel helices 
attached to a shaft and are installed by applying a torque at their top, forcing their penetration 
into the ground (T. Al-Baghdadi et al., 2017). The installation of screw anchors generates only 
a limited amount of noise and vibration, which makes them environmentally and marine 
mammal friendly where the limitations for such noise can be very severe for pile driving 
(Koschinski et al., 2013). These environmental constraints are more and more recognised by 
the offshore industry and led to the development of silent-piling methods (Huisman et al., 
2020). 
Screw anchors are mostly used for their large uplift capacities. However, the screw anchors 
can simply be used as a technique to install a normal pile into the ground without noise. In this 
case, the role of the helix is limited to enable the pile installation, rather than to enhance its 
capacity. Indeed, while suction anchors can be very efficient, the success of their installation 
can be very dependent on the soil conditions. The lateral capacity of screw anchors becomes 
Cerfontaine, B., Brown, M., Knappett, J., Davidson, C., & Sharif, Y. (2020). Optimisation of screw 
anchor lateral capacity in sand for offshore renewable energy applications. In Proceedings of the 4th 
International Symposium on Frontiers in Offshore Geotechnics [3451] Deep Foundations Institute.
Deep Foundations Institute website: http://www.dfi.org/pubdetail.asp?id=3451
 
 
of interest when they are connected to taut-lines or catenary mooring systems. While piles 
and suction caissons have been widely investigated before, there is no specific design 
methodology related to screw anchors under lateral loading for offshore applications. 
The optimisation of screw anchor geometry cannot be based only on the calculation of their 
geotechnical lateral capacity. Indeed, the installation process is such that the capacity of 
installation tools (e.g. maximum torque that can be applied) and structural constraints (e.g. 
helix bending) limit the maximum pile diameter and installation depths that are achievable. 
This in turn limits the anchor lateral capacity which is only slightly affected by the helix (Al-
Baghdadi et al., 2015). This paper proposes to combine simplified models for the installation 
requirements, the structural resistance and the geotechnical capacity, to identify the optial 
geometry that maximises the anchor’s lateral capacity while minimising its weight (or pile 
material utilised), as a function of the installation torque available. 
 
METHODOLOGY 
 
In the following, simplified models are defined to 
calculate the different geotechnical and structural 
constraints during installation or operation of the 
anchor.  
 
Screw anchor geometry 
 
The geometry of the screw anchor that will be 
optimised can be described as a function of a limited 
number of parameters, depicted in Fig. 1. It is 
composed of a helix of diameter Dh and pitch ph, 
attached to a core of length L and diameter Dc. The 
pile shaft length is assumed to be equal to the 
embedment depth of the helix (measured at mid pitch). 
The core and helix thicknesses are equal to tc and th 
respectively. The helix pitch was considered constant 
and equal to Dh/3, which lies within the range of typical 
geometries [0.15 Dh – 0.33 Dh] as summarised in 
Cerfontaine et al. (2019). The tip of the screw anchor 
is assumed to be flat. 
 
Installation Torque and vertical force 
 
Screw piles are installed by applying a torque and possibly some vertical force at their head. 
These actions are necessary to overcome the shear stresses developing along the shaft, the 
helix and on the pile base. Some methods have been introduced in the literature to predict the 
installation torque and force required during installation (Davidson et al., 2018). The underlying 
hypothesis is that the installation of the screw anchors is pitch-matched, i.e. the anchor follows 
a true helical movement during installation, as recommended in the literature (Perko, 2009).  
The installation prediction method by Davidson et al.(2018) decomposed the development of 
the total torque (T) with installation depth (L) into several components related to the core (Tc), 
the base (Tb) and the helix (Th) which are function of the CPT data (?̅?𝑐), soil parameters 
(𝛿𝑐𝑟𝑖𝑡 , 𝐾0) and pile geometry (𝐷ℎ, 𝐷𝑐 , 𝑡ℎ). 
 
T(L) =  𝑇𝑐(𝐷𝑐
2, ?̅?𝑐(𝐿), 𝛿𝑐𝑟𝑖𝑡 , 𝐿) + 𝑇𝑏(𝐷𝑐
3, ?̅?𝑐(𝐿), 𝛿𝑐𝑟𝑖𝑡) + 𝑇ℎ(𝐷ℎ
3, 𝐷𝑐
3, ?̅?𝑐(𝐿), 𝛿𝑐𝑟𝑖𝑡 , 𝑡ℎ , 𝐾0)
≤ 𝑇𝑚𝑎𝑥  
[1] 
 
where ?̅?𝑐(𝐿) is the averaged cone resistance 𝑞𝑐 over 𝐿 ± 1.5𝐷ℎ, 𝛿𝑐𝑟𝑖𝑡 is the critical sand-steel 
anchor interface friction angle and 𝐾0 is the coefficient of lateral earth pressure at rest, 
Fig. 1 Geometry of the screw anchor 
and definition of the main variables 
(Note the width to length ratio is 
exaggerated in this figure) 
 
 
calculated based on the critical state friction angle (𝜙𝑐𝑟𝑖𝑡). A stress drop index a (=
𝐹𝑟/ tan 𝛿𝑐𝑟𝑖𝑡), as defined by Lehane et al. (2005), is used in this procedure to calculate the 
lateral stress acting on the pile core. 𝐹𝑟 is the CPT friction ratio, taken as equal to 0.01 in this 
paper. A similar method was developed to assess the vertical force (Fc) necessary to install 
the screw anchor while respecting the pitch-matched assumption (Al-Baghdadi, 2018).  
The torque that can be applied to install the pile is limited by the equipment used and should 
be minimised. The torque resistance depends non-linearly on the core diameter (Dc) and the 
embedment depth (L). However, reducing these two geometric parameters will also reduce 
the lateral capacity, hence the necessary optimisation process. 
 
Core section structural requirements 
 
The core section is subjected to a combined torque and compressive force generated during 
the installation and predicted according to the methodology introduced in the previous section. 
The shear stress (𝜏) due to the torque (T) applied to the cylindrical core can be calculated 
according to the following equation. It is maximum at the top of the pile. 
 
τ = 16
𝑇
𝜋
𝐷𝑐
𝐷𝑐
4 − (𝐷𝑐 − 2𝑡𝑐)4
 
[2] 
 
Similarly, the normal stress within the core section due to the compression force applied during 
the installation (𝐹𝑦,𝑐) can be calculated according to 
 
𝜎𝑦 =
4
 𝜋
𝐹𝑦,𝑐
(𝐷𝑐
2 − (𝐷𝑐 − 2𝑡𝑐)2)
 
[3] 
 
It must be ensured that the equivalent Von Mises stress (𝜎𝑒𝑞,𝑐) is lower than the yield limit of 
the steel (𝑓𝑦) within the core section. This equation consists of the first structural constraint. 
 
𝜎𝑒𝑞,𝑐 = √𝜎𝑦
2 + 3𝜏2 ≤ 𝑓𝑦 
[4] 
 
In addition, the compressive force can be very large, inducing a risk of buckling of the pile, 
which is only partly restrained by the surrounding soil. A simplified approach consists of 
calculating the first mode of elastic buckling according to the Euler equation. A very 
conservative approach was adopted, considering that the pile tip was clamped (𝐾 = 2), due 
to helix restraint on the rotation at the anchor tip, and the pile top was free to move laterally 
and rotate. Consequently, the second structural constraint states that the elastic buckling force 
(𝐹𝑦,𝑐𝑟) must be always larger than the compression force (𝐹𝑦,𝑐) necessary during the 
installation. 
 
𝐹𝑦,𝑐𝑟(𝐻𝐿) = π
2
𝐸𝐼
(KL)2
≥ 𝐹𝑦,𝑐(𝐿). 
[5] 
 
Finally, a purely geometrical constraint was added on the maximum core thickness (𝑡𝑐) that is 
practically possible to manufacture. It was assumed that tc was lower than 10% of the core 
diameter Dc and never larger than 100mm. This is in accordance with thick pile dimensions 
that were found in manufacturer’s catalogues, (e.g. JFE, 2019). To simplify the comparison 
between the different anchor geometries, the relative core thickness 𝑡𝑐,𝑟𝑒𝑙 was introduced such 
that 
𝑡𝑐,𝑟𝑒𝑙 =
𝑡𝑐 − 𝑡𝑐,𝑚𝑖𝑛
𝑡𝑐,𝑚𝑎𝑥 − 𝑡𝑐,𝑚𝑖𝑛
 . 
[6] 
 
 
 
Helix failure 
 
The helix is necessary for the pile installation process, as it may assist pile penetration if an 
appropriate advancement ratio is adopted (Huisman et al., 2020). A significant load may act 
upon the helix during the installation process or pile loading. Therefore failure of the helix can 
be caused by yielding of the helix plate (Fig. 2(b)) or failure of the welded connection with the 
core (Fig. 2(c)).  
The helix herein was idealised as a flat plate clamped to the central core with a full moment 
fixity, that can be achieved through welding as shown in Fig. 2(a). The maximum horizontal 
stress within the helix (𝜎𝑥) is calculated based on the approach proposed by Timoshenko and 
Woinowky-Krieger (1959) to calculate bending stresses in plates. This analytical model 
assumes that the pressure applied onto the helix is constant and that the helix is a horizontal 
annular plate, as discussed in (Cerfontaine et al.,2020). The horizontal stress is then 
calculated as 
 
𝜎𝑥 = 𝑘
𝑞𝐷ℎ
2
4𝑡ℎ
2 ≤ 𝑓𝑦 
[7] 
 
where k is a constant depending on the Dh/Dc ratio, given in Table 1 and q is the maximum 
normal stress applied to the helix (during installation or pile loading). The normal force acting 
on the helix during the installation can be calculated directly from the CPT prediction method 
(equation similar to Eq. [1]) or is equal to the uplift capacity during pile loading (see hereafter). 
The normal stress acting on the helix (q) is simply obtained by dividing this normal force by 
the helix surface area. The helix plate thickness (th) was considered to be equal to a maximum 
of 100mm at the connection. The helix bending constraint ensures that the maximum 
horizontal stress within the plate 𝜎𝑥 is no greater than fy. 
 
Table 1 Coefficient k as a function of Dh/Dc, (Timoshenko et al., 1959) 
Dh/Dc [-] 1.25 1.5 2 3 4 
k [-] 0.135 0.410 1.04 2.15 2.99 
 
 
 
Fig. 2 Idealisation of the connection between the helix and the core: (a) Bending moment and 
shear load Q; (b) Horizontal stress due to helix bending; (c) Loads acting on the weld joints; 
(d) Stress state along the weld throat aw 
 
 
  
 
 
Lateral Capacity 
 
Contrary to suction caissons or driven piles, the screw-in installation method of screw anchors 
requires that the mooring line is likely to be attached at the head of the pile. The maximum 
capacity of the anchor was calculated based on the methodology detailed in Randolph and 
Gourvenec, (2011). The passive earth pressure within the soil will be mobilised by its lateral 
displacement. Short and long pile mechanisms can be identified, as shown in Fig. 3. For short 
piles, the failure is due to full mobilisation of the soil capacity. For long piles, a plastic hinge is 
formed when the pile core section yields. It was shown that the pull-out load applied to the 
helix has only a limited effect on the lateral capacity (Al-Baghdadi et al., 2017), therefore it 
was decided to neglect this coupling in this simplified approach. 
 
 
Fig. 3 Calculation of the maximum lateral load (H) as a function of a short (a) or long (b) pile 
failure mechanism, after (Randolph et al., 2011) 
An analytical solution can be found to calculate the horizontal load corresponding to each 
mechanism (Hshort or Hlong) in a non-dimensional form. 
 
𝐻𝑠ℎ𝑜𝑟𝑡
𝐾𝑃
2𝛾′𝐷𝑐
3 = (
𝐿
𝐷𝑐
)
2
(0.5
2
3 − 0.5) 
[8] 
𝐻𝑙𝑜𝑛𝑔
𝐾𝑃
2𝛾′𝐷𝑐
3 = 0.5 (3𝜇𝑝)
2
3 
[9] 
 
where 𝐾𝑝 is coefficient of passive earth pressure and 𝜇𝑝 = 𝑀𝑝/(𝐾𝑝
2𝛾′𝐷𝑐
4). The plastic moment 
Mp is a function of the core section properties.  
 
𝑀𝑝 =
4
3
𝑓𝑦𝐷𝑐
3 [(
𝑡𝑐
𝐷𝑐
)
3
−
3
2
(
𝑡𝑐
𝐷𝑐
)
2
+
3
4
(
𝑡𝑐
𝐷𝑐
)] 
[10] 
 
This non-dimensional solution shows in Fig. 4 that the lateral capacity increases non-linearly 
with depth (short-pile solution) and is bounded by the long-pile capacity. Subsequently, the 
maximum embedment depth will be limited to the transition from short- to long-pile failure 
mode.   
 
 
 
 
Fig. 4 Non-dimensional lateral capacity of a pile as a function of depth and non-dimensional 
properties of the core section (µp) 
Vertical capacity 
 
The vertical capacity of the anchor can be calculated according to the method proposed by 
Giampa et al., 2017. As the vertical capacity is not used in the optimisation algorithm, the 
equations are not repeated here. In this case, it is assumed that the failure mechanism in uplift 
forms a truncated wedge, whose inclination to the vertical is equal to the dilatancy angle and 
initiating from the helix. It is assumed that the maximum relative embedment depth (L/Dh) at 
which this capacity can be achieved is limited to 8 to ensure a shallow failure mechanism 
forms, rather than a flow around deep failure mechanism (Meyerhof et al., 1968).  
 
RESULTS 
 
The optimisation consists in calculating the maximum depth L (and then capacity H) that can 
be reached for a given screw anchor geometry (Dc, Dh/Dc =2, tc) in a given soil. Different 
scenarios are assumed regarding the maximum torque available during installation (Tmax, 
varying between 1MNm and 15MNm). The maximum depth will be limited by the different 
constraints previously described. For each configuration, it is possible to identify the anchor 
geometry maximising the lateral capacity while minimising the anchor weight. The results do 
not include any factor of safety, as they vary country by country. A suitable value can be 
applied to the anchor resistance as a whole (DNV-GL, 2018), once calculated. 
 
Soil and screw anchor properties 
 
The soil conditions considered here correspond to a homogeneous layer of dense HST95 test 
sand (Dr = 82%). The properties of the sand were previously determined by Al-Defae et al. 
(2013). The peak strength properties (friction angle ϕp and dilatancy angle ψp), the critical state 
friction angle ϕcrit, the soil-steel critical friction angle δcrit and the buoyant unit weight γʹ used 
are reported in Table 2. A CPT test was undertaken in-flight in a beam centrifuge at the 
University of Dundee (Davidson et al., 2018) and served as an input to predict the installation 
requirements. The steel yield limit fy was assumed to be 350MPa. 
 
Table 2 Properties of the HST95 sand (Dr = 82%) 
ϕp  [°] ϕcrit [°] ψp [°] δcrit [°] γ' [kN/m³] 
45.4 32 16.5 24 10.47 
 
 
Determination of the maximum embedment depth for a given geometry 
 
The different geotechnical and structural constraints are graphically represented in Fig. 5 for 
a configuration characterised by: Dc=0.85m, Dh/Dc = 2, tc,rel =0.1. The maximum depth is given 
as Lmax and corresponds to the short to long pile transition constraint, as shown in Fig. 5(b). 
The torque (T) and force (Fc) installation requirements are given in Fig. 5(a) and (b) 
respectively. In this case, the torque is lower than the maximum (assumed equal to 5MNm) 
and the vertical force is lower than the critical buckling load. Similarly, the stress in the helix 
and the core is lower than the yield strength (Fig. 5(c)). The maximum depth is then equal to 
6.1m and the horizontal capacity is equal to 1.53MN for this configuration. 
 
 
Fig. 5 Determination of the maximum embedment depth based on different geotechnical and 
structural constraints for a screw pile of a given geometry (Dc = 0.85m, Dh/Dc =2, tc,rel =0.1) and 
maximum torque available Tmax = 5MNm. 
Optimisation as a function of the core thickness 
 
The same procedure can be repeated over a large number of different configurations, varying 
the core section diameter (Dc) and the core thickness (tc,rel),while maintaining a constant 
maximum torque available (Tmax). For each case, the maximum embedment depth and the 
lateral capacity can be calculated. They are limited by one of the constraints such as the 
maximum torque available or an insufficient pile section to sustain the installation torque. An 
example is presented in Fig. 6 which assumes a maximum torque available for installation 
equal to 5MNm and Dh/Dc equal to 2. 
Fig. 6(a) shows the evolution of the lateral capacity (H) as a function of the pile core diameter 
(Dc) and the relative core thickness (tc,rel). The maximum pile length associated with the 
capacity is reported in Fig. 6(b). For a given relative core thickness (tc,rel), the embedment 
depth achievable (L) and the lateral capacity (H) both increase with the core diameter (Dc). At 
low core diameters, the depth and capacity are limited by the short to long pile failure mode. 
In other words, increasing the depth will not result in an increase of lateral capacity. At larger 
core diameters, the depth is limited because the torque available is insufficient to install the 
pile to a greater depth. In other words, a larger capacity would be possible from a geotechnical 
point of view, but it would be practically impossible to reach it. Finally, if the relative core 
thickness is too low, the capacity of the section to sustain the installation torque may become 
the limiting constraint. 
It is obvious that the largest relative core wall thickness will always lead to the largest capacity 
for a given core diameter. However, if the horizontal capacity (H) is traced as a function of the 
 
 
weight of the anchor, it is apparent that this is not an efficient design, as shown in Fig. 6(b). 
This figure depicts the evolution of the anchor capacity as a function of the weight (as an 
analogue to material use and handling requirements). The thickest anchor wall is only efficient 
if the necessary lateral capacity lies between 4.5 and 5MN, otherwise a lighter anchor would 
provide the same capacity with a lower amount of steel. An envelope representing the 
evolution of the lateral capacity as a function of the anchor weight can then be traced and is 
only a function of the maximum torque available. Finally, the vertical capacity corresponding 
to the installation depth is also calculated and is given in Fig. 6(d) for information. In this figure, 
it is assumed that there is no interaction between the lateral and vertical capacity, but more 
research is needed to quantify the probable interaction.  
 
 
Fig. 6 Results of the calculation procedure for a screw pile (Dh/Dc=2) and a maximum torque 
available (Tmax) equal to 5MNm.  
Optimisation with respect to maximum weight 
 
The envelope obtained in the previous section can be calculated for each maximum torque 
available. These envelopes are gathered into a single final design chart, given in Fig. 7. It 
shows that the gain in capacity achieved by increasing the maximum torque is much larger 
from 1MNm to 7MNm, than from 7MNm to 15MNm. Larger capacities are obtained through 
the installation of larger diameter anchors, which in turn necessitate a much larger torque to 
be installed. The gain in depth/capacity is limited by the strength and buckling of the core 
section. 
 
Improvements of the design optimisation methodology 
 
The purpose of this paper is to illustrate how structural and geotechnical parameters affect the 
design of screw piles. It is based upon simplified hypotheses and all components of the design 
can be improved or refined independently. The CPT prediction method has been validated 
only against uniform sand materials to date, but non-homogeneous sand conditions can be 
directly incorporated through the CPT data. The prediction of the lateral capacity can be 
enhanced similarly, for instance by using depth-dependent p-y curves to calculate the pile 
capacity coupled with a limiting displacement criterion. Such a framework can also include 
cyclic loading effects, which are not included here but could be predicted through empirical 
relationships developed for piles (Richards et al., 2019). 
 
 
Some other improvements of the method will require additional research before simplified 
models can be derived. For instance, the couplings between vertical and lateral loading (for 
taut-line applications) cannot be predicted yet. Geometrical effects (e.g. the pile tip shape) and 
installation parameters (overflighting rather than pitch-matched installation, (Huisman et al., 
2020)) still have to be studied and implemented in the CPT prediction method. 
 
 
Fig. 7 Summary of envelopes of the lateral capacity (h) as a function of the anchor weight. Each 
envelope corresponds to a maximum torque available for a screw anchor (Dh/Dc =2). The blue 
curve is the envelope determined in Fig. 6(b). 
 
SUMMARY AND CONCLUSIONS 
 
It has been shown that the design of screw anchors depends on both structural (core strength, 
helix strength) and geotechnical (capacity, installation requirements) constraints, which must 
all be assessed prior to installation and operation. These constraints limit the maximum 
embedment depth of the anchor and the resulting horizontal capacity.  
All of these constraints can be assessed by combining simplified analytical methods. It is 
therefore possible to calculate the maximum embedment depth for a given anchor geometry 
and then its capacity. The optimum design, namely the largest capacity achieved for a 
minimum weight, can be calculated as a function of the maximum torque available during the 
installation. A design chart is provided to quickly assess the optimum capacity in a dense layer 
of sand. 
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